Tailings are mine wastes in the form of slurries stacked in mine sites abandoned aft er the exhaustion of ores. Th ere are approximately 5000 abandoned mine sites in Korea, and tailings have become a serious environmental problem. Long-term environmental exposure of tailings can cause release of acidic and high concentrations of sulfate-and metal-contaminated water (acid mine drainage, AMD). Organic and/or inorganic amendments have been studied for AMD prevention and passive in situ treatment of pore water. Th is study tests locally available food waste-based compost as a viable amendment, in addition to the need for sustainable ways to dispose of compost, in response to a new environmental law. To examine the feasibility, three bioreactors were constructed, fi lled with mixtures of tailings, food waste-based compost, and zeolite. During the 4-wk experimental period, feeding water or medium were poured in one reactor. Th e leachates were investigated in terms of chemistry and microbiology. Compared with the unamended reactor, the leachate from two mixture-fi lled reactors showed increased pH, formation of sulfate reduction conditions, and highly effi cient metal removal. Black-colored precipitates observed at the end of the experiment suggested the formation of metal biosulfi des, following the activity of sulfate reduction mediated by sulfate-reducing bacteria (SRB). Mineralogical analysis of these precipitates confi rmed the presence of biosulfi des, mainly of Fe and Pb. Moreover, microbial and molecular biological analyses revealed that several species of heterotrophic bacteria (SRB and iron-reducing bacteria) were present in the solids recovered from the bioreactors. Microbial consortium, such as SRB species (Desulfotomaculum putei), and cellulosic-degrader (Ruminococcus sp.) were identifi ed. Th is study provides promising results on the application potential of food waste-based compost for prevention of AMD generation and passive in situ treatment of pore water in weathered tailings in Korea and elsewhere.
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Biosulfi des Precipitation in Weathered Tailings Amended with Food Waste-based Compost and Zeolite
Taewoon Hwang, Carmen Mihaela Neculita, and Jong-In Han* T he mining industry generates the largest volumes of waste of all industrial sectors worldwide. South Korea has around 5000 abandoned mine sites, of which 310 sites have been recently investigated (2007) (2008) (2009) . Ninety-two percent of investigated sites exceeded soil and water quality standards in terms of pH and metal concentrations (Ministry of Environment, Korea, 2010b; Mine Reclamation Corporation, 2011) . Because rehabilitation requires a long and expensive commitment, these sites were left without proper management until relatively recently (8% remediated, as of 2005) (Kim et al., 2005) . Accordingly, mine wastes were reported to be the main source of heavy metal contamination of agricultural soils and crops (rice and barley) of water, vegetation, and soil invertebrates (Kim et al., 2001; Kim et al., 2005; Shin et al., 2007) . Organic covers represent one sustainable solution for the creation and maintenance of a physical O 2 -consuming barrier to reactive mine waste that, consequently, serves as a prevention approach of acid mine drainage (AMD) (Elliott et al., 1996) . Various types of bio-waste amendments have been tested; these include municipal compost, fresh and composted manure, paper mill sludge, peat, and sewage sludge (Elliott et al., 1996; Chtaini et al., 2001; Pond et al., 2005; Clemente et al., 2006; Lindsay et al., 2011b) . Mixtures with inorganic materials (e.g., zero valent iron, lime, and carbonate-rich wastes) have also yielded promising results (van Herwijnen et al., 2007b; Lindsay et al., 2008; Zanuzzi et al., 2009) .
In South Korea, food waste-based compost can be a feasible organic amendment because of the prohibition of food waste disposal in landfi lls since 2005, as well as the upcoming banning of food wastewater dumping into the sea from 2013 by the London Convention Protocol (Kim and Kim, 2010) . Food waste accounts for approximately 30% of municipal solid waste in Korea (i.e., >15,000 t/d, as of 2008). Korea's food waste is characterized by high volatile solids (85-95%) and moisture content (75-85%), which represents the main source of decay, odor, and leachate in collection, transportation, and disposal (Han and Shin, 2004; Kim and Kim, 2010; Ministry of Environment, Korea, 2010a) . Current uses of food waste are animal feeding, composting, and others (e.g., anaerobic digestion, co-digestion with sewage sludge, vermicomposting), which account for 45, 45, and 10%, respectively, as of 2006 (Kim and Kim, 2010) . However, food waste is considered unsuitable for agricultural purposes because of its high salt content, mainly originating from kimchi (fermented spiced cabbage) and soy sauce paste, which are stored in brine (Lee et al., 2002) . With the upcoming prohibition of dumping wastewater into the sea, therefore, alternative markets for food compost, such as organic amendments for the AMD prevention and/or treatment, are urgently required (Lee et al., 2002; Kim and Kim, 2010) .
Th e microbiology of tailings with various organic amendments and its potential role of microorganisms in porewater treatment and further prevention of AMD generation were explored by Lindsay et al. (2011b) . Th eir 3-yr research found that spent-brewing grain promoted sulfate-reduction and metal(oid)s removal, whereas municipal biosolids and coniferderived peat were ineff ective. Th e researchers also found that cellulose-degraders (Cellulomonas), fermenters (Th iobacillus, Bacteroides, and Paludibacter), and single sulfate-reducing bacterial belonging to the strain Desulfovibrio were present in their systems (Lindsay et al., 2011b) .
Bacterial species must have mutual interaction within the biological AMD treatment system. Th iobacillus spp. (particularly T. ferrooxidans, which is acidophilic and commonly detectable in mine tailings) oxidizes iron and sulfur or sulfi de minerals (Pond et al., 2005; Lindsay et al., 2011b) . Th iobacillus species catalyze the oxidation processes and consequently generate acidity, thereby resulting in the production of sulfate and dissolved metals that are the main characteristics of AMD.
In a biological AMD treatment system, a neutralizing agent (e.g., limestone) is commonly used to reduce the detrimental eff ects of acidity of AMD on the environment and to suppress acidophilic Th iobacillus spp. (particularly T. ferrooxidans). Th iobacillus ferrooxidans oxidizes iron and sulfur or sulfi de minerals, lowering pH and producing sulfate and dissolved metals (Pond et al., 2005; Neculita et al., 2007; Lindsay et al., 2011b) . Neutralizing chemicals can also off er a pH condition that is good for the activity of other bacteria such as sulfatereducing bacteria (SRB). Sulfate-reducing bacteria species such as Desulfovibrio spp. and Desulfobacterium spp. play an important role in reducing sulfate into sulfi de (Pruden et al., 2007; Lindsay et al., 2011b ). Sulfi de species (H 2 S, HS − , and S 2− ) produced by the activity of the SRBs are precipitated with metals as metal sulfi des (Neculita et al., 2007) . Iron-reducing bacteria (IRB) could cause iron reduction, releasing Fe 2+ and forming iron precipitates with sulfi de (Fortin et al., 2002) .
Th erefore, the SRB activity is the key parameter of the system's effi ciency and it depends on substrate biodegradability (Zagury et al., 2006; Neculita et al., 2007) . To stimulate the growth of SRB, various organic wastes such as wood waste, compost, and sludge have been tried as substrates. Sulfatereducing bacteria, which use a wide range of organic substrates including fermentation products (e.g., volatile fatty acids and alcohols), cannot degrade cellulose and hemicellulose that are major components of food wastes (Zagury et al., 2006) . To ensure the success of the biological AMD treatment with such sustainable substrates, therefore, cellulose-degrading bacteria (e.g., Cellulomonas, Bacteroides spp., and Clostridium sp.) should be included in an AMD treatment system and actively interact with SRBs (Pruden et al., 2007; Alexandrino et al., 2011) . Th is interaction between SRBs and cellulose-degraders can enable the operation of the bioreactor for extended periods because cellulosic component as organic substrate persistently comes from nature (Pruden et al., 2007) .
Th e present study evaluates the eff ectiveness of mixtures of organic (food waste-based compost) and inorganic (zeolite) amendment for prevention of AMD generation and/or in situ treatment of pore water in weathered tailings. It mainly focuses on the microbial-related aspects of metal immobilization processes on amended tailings, which were unraveled with mineralogical, microbiological, and molecular tools.
Materials and Methods

Sample Collection
Th e tailings samples used in the present study were collected from impoundments on an abandoned mine site (Geopung mine, Okcheon County, South Korea). Geopung mine was active from 1990 to 1998. Th e main excavated ore resources were Au, Ag, and Cu (Cheong et al., 2008; Yim et al., 2009) . Th e brownish-reddish color of tailings down to 1 m underneath indicated their extensive oxidation during prolonged weathering (Cheong et al., 2008) . Samples were manually collected and stored, at room temperature, in covered plastic boxes. Two types of amendments, in the form of organic materials (food waste-based composts) and inorganic materials (zeolite), were used. In addition to food waste, both types of compost contained lignocellulosic organics, which were added during the composting process. Th e fi rst type of food waste compost was produced on the landfi ll site facility of Daejeon city (167 km southeast of Seoul) and consisted of food waste (60%) and sawdust (40%), whereas the second was Korean market compost consisting of food waste (50%), agricultural waste (10%), animal manure (10%), and lime (30%). Zeolite (Sigma-Aldrich, St. Louis, MO) powder type with pore sizes of <45 μm was also used.
Column Leaching Tests
Leaching tests were performed with three reactors (30 cm in height and 5 cm in diameter), which were made with Plexiglas. Th e control reactor was fi lled with 200 g of tailings, whereas two reactors contained a mixture of tailings (200 g), Korean market compost (50 g), and zeolite (12.5 g). Th is mixture composition ratio was followed in previous research (van Herwijnen et al., 2007a) . Th ree scenarios were tested, without replication. For simulation of fi eld environmental conditions, undisturbed tailings samples, which showed various size distributions, were collected. Replication in similar column-based tests may have uncertainty because of inherently heterogeneous fi lling material, but occasionally replication is performed for statistical reasons. Th e high repeatability of column-based AMD treatment system was reported (Genty et al., 2011) . Th us, without replicates this study is reliant on trend analysis, compared with statistics requiring replication to provide a measure of analytical or treatment viability. In addition, given that the compost is a mixture of solids and the composting is microbial activity dependent, compost samples are not expected to perform similarly in multiple reactors. Note that this study evaluates the eff ectiveness of organic and inorganic amendments on metal immobilization in severely weathered tailings, and attempts to assess the chemical and biological processes. However, the study does not intend to determine the design parameters of an accurate fi eld-scale system. Multiple scaling tests are yet to be performed.
Once a week for 4 wk, 300 mL of distilled water was fed into the two reactors (control and one amended reactor). DSM Medium 503 (FWM medium; Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH, Braunschweig) supplemented with 1 g L −1 yeast extract, 1 g L −1 peptone, and 2 g L −1 lactate was fed into the other amended reactor. Th e volume of these feed materials was determined on the basis of fully saturated mixtures and fi lling the empty pores in reactors. Th e use of DSM medium was justifi ed by its rich composition in easily biodegradable organic molecules, making it an optimal substrate for heterotrophic bacteria. Moreover, this artifi cial short-chain molecules organic-rich solution simulated the highly charged soluble organic leachate generated during food waste composting or the treatment of municipal wastewaters. Th e hypothesis behind this work was that the pouring of this leachate in top of organicinorganic amended tailings could prove benefi cial for microbial activities. Leachates from all three reactors were controlled at the identical outfl ow rate that 300 mL of weekly fed materials were slowly collected for 4 h (300 mL 4 h −1 wk −1 ), and analyzed for pH, dissolved oxygen (DO), oxidation reduction potential (ORP), dissolved organic carbon (DOC), sulfate, and metals (Al, As, Cd, Cu, Mn, Ni, Fe, Pb, and Zn). All parameters were determined according to standard methods (American Public Health Association, 2005) and metals were measured with inductively coupled plasma-atomic emission spectroscopy (ULTIMA 2C, HORIBA Jobin Yyon, Kyoto, Japan).
Microbiological and Mineralogical Analyses
Microbial Tests
Two raw materials (compost and weathered tailings) and the residues collected from all three reactors were analyzed at the end of the leaching tests, in terms of general enzymatic activity test (dehydrogenase; DHs), total heterotrophic bacteria (THB), SRB, and IRB. Before the analyses, the residues were separated into every 10 cm as three layers: top, middle, and bottom. Only the bottom part was used for microbial tests, because, in the amended tailings-reactors, it exhibited the darkest black color of metal sulfi des and, consequently, indicated the presence of intense microbial activities. Noteworthy, in the control reactor the unamended tailings preserved their original yellowishbrownish color throughout the testing period.
Dehydrogenase can provide information on the amendment eff ects for increasing microbial activities. Dehydrogenase was extracted with triphenyltetrazolium chloride (Sigma-Aldrich, St. Louis, MO), according to Serra-Wittling et al. (1995) . Briefl y, samples of 3 g were mixed with 3% solution, and then the mixtures were incubated at 37°C in the dark for 24 h. During incubation, the DHs use triphenyltetrazolium chloride as an electron acceptor and reduce it to triphenyltetrazolium formazan, with reddish color. Th e intensity of the red color, which is proportional to triphenyltetrazolium formazan concentration, was measured by UV-VIS spectrophotometry (DR5000; HACH, Loveland, CO), at 485 nm. Total heterotrophic bacteria were counted with a 10-fold serial dilution method with a standard plate counting technique on R2A (American Public Health Association, 2005). Inoculation was performed in an anaerobic glove box with a spreader, and inoculated plates were incubated in an air-tight box (BD, Franklin Lakes, NJ) with oxygen removal packs (BD, Franklin Lakes, NJ) for 5 d at 35°C. Th e SRB and IRB counting used the most probable number technique (Gould et al., 2003 . Medium for IRB counting includes the following (per liter): NaHCO 3 , 2.5 g, NH 4 Cl, 1.5 g; NaH 2 PO 4 , 0.6 g; CaCl 2 ·2H 2 O, 0.1 g, KCl, 0.1 g; MgCl 2 ⋅6H 2 O, 0.005 g; Na 2 MoO 4 ⋅2H 2 O, 0.001 g; ferric-ethylenediaminetetraacetic acid (EDTA), 1.84 g; and peptone, 1.84 g (Gould et al., 2003) . Th e cell counting was conducted aft er incubation for 3 wk at 30°C for SRB and 4 wk at 25°C for IRB. Aft er the incubation time, the development of black precipitates is an indication of iron sulfi de generation by the SRB activity (Postgate, 1984) . HEPES) was added. When IRBs are active the reagent is purple, via ferrozine iron complexation (Gould et al., 2003) .
DNA Extraction and 16S rDNA Polymerase Chain Reaction Amplifi cation
DNA in residues was extracted with i-genomic Soil DNA extraction Mini Kit (iNtRON Biotechnology, Seoul, Korea) following the manufacturer's protocol. Nested-polymerase chain reaction (PCR) amplifi cation of 16S rDNA was performed using primer 8F (5′-GAGTTTGATCCTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTACGACTT-3′), also 341F (5′-CCTACGGGAGGCAGCAG-3′) and 533R (5′-TTACCGCGGCTGCTGGCAC-3′) (Pruden et al., 2007) . Th e reactions were performed with a total of 50 μL volume including 25 μL 2X EF-Taq Premix (SolGent, Daejeon, Korea), 2 μL each primer (10 pmol μL ), 1 to 10 μL templates, and deionized water. Th e mixtures were used for PCR amplifi cation (initial denaturation for 2 min at 95°C, 35 cycle denaturation for 20 s at 95°C, annealing for 40 s at 56°C, extension for 1 min at 72°C and fi nal extension for 5 min at 72°C) in Mastercycler (Eppendorf, Barkhausenweg, Hamburg). Th e PCR products were checked by running on 1% (w/v) agarose gel electrophorese running with 1-kb DNA ladder (SolGent, Daejeon, Korea).
Denaturing Gradient Gel Electrophoresis
Th e amplifi ed PCR products were separated in denaturing gradient gel electrophoresis (DGGE) gels (6% acrylamide/ bisacrylamide 37.5:1; BioNEER, Seoul, Korea) with 40 to 60% gradient of denaturant (7 M urea and 40% formamid) in DCode Universal Mutation Detection system (Bio-Rad, Hercules, CA) at 60V and 60°C for 8 h. A running buff er was used (1X TAE; 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA at pH 8.0). Aft er the end of DGGE procedure, gels were stained in 0.01% (v/v) ethidium bromide solution for 30 min and DGGE bands were visualized and analyzed using Gel Doc EQ (Bio-Rad, Hercules, CA). DGGE bands were cut with sterilized razor blades and dissolved in 1.5-mL microtubes with 20-μL TE buff er (10 mM Tris and 1 mM EDTA at pH 8.0). Th e PCR fragments in the DGGE bands were amplifi ed using primer 341F and 533R and then purifi ed and sequenced (SolGent, Daejeon, Korea). Th en, the nucleotide sequences were blasted to obtain the closest matching species in the GenBank database (http://www.ncbi. nlm.nih.gov/BLAST/).
Mineralogical Analysis
Scanning electron microscopy (SEM; JSM-6380LA; JEOL, Tokyo, Japan) equipped with energy dispersion X-ray spectrometer (EDS) (Oxford ISIS 3.2; Oxford Instruments, Witney, UK) was used for mapping of elements on residue samples-prepared for reading. Th e residue samples were dried at 40°C for 2 h and ground in a porcelain mortar to make a homogeneous sample. To minimize the sulfi des oxidation during preparation, the samples were cooled until 80 to 90 K using liquid nitrogen. , respectively (Yim et al., 2009 ). Published results indicated that existing soil cover of 20-cm thickness on top of tailings impoundments for prevention of AMD generation cannot prevent water infi ltration and tailings release AMD to groundwater . An alternative cover system was required (Yim et al., 2009) . Th e weathered tailings samples were collected from uncovered tailings in the fi rst impoundment, which are already oxidized from up to 0.8 m to 1 m underneath top of tailings (Cheong et al., 2008) .
Results and Discussion
Sample Collection
Column Leaching Tests
Th e pH clearly increased in compost-and zeolite-amended reactors (7.2-7.9) relative to control (3.2-3.6) (Fig. 1) , because of the neutralization reactions by the lime contained in compost and of added zeolite (aluminosilicates). Th is neutral pH would provide favorable growth condition for SRB, whose optimal pH is known to be between 5 and 8, playing the key role in the eff ectiveness of AMD treatment (Postgate, 1984) . Th e pH of medium-fed reactor (RM) appeared not to be considerably diff erent than that of water-fed reactor (RW), indicating that the nutrients included in the medium were not involved in chemical reaction (e.g., neutralization).
Th e high concentrations of DO (7.0-7.6 mg L −1
) and ORP values (314-366 mV) indicated that the control reactor maintained oxidizing condition along the 4-wk testing period. Th is oxidizing condition, enhanced by the weekly addition of aerated water and by the low pH value (AMD: pH < 3.5), together with the low organic carbon concentrations did not enable heterotrophic bacteria to develop and thrive in this reactor.
In addition, high sulfate concentrations in control reactor (from 1.0 g L −1 to 5.6 g L −1
) (Fig. 1) , which showed throughout the entire testing period, can be explained by this formed oxidizing condition. However, substantial decrease in DO (from 6.8 mg L −1 to 2.2 mg L −1
) and ORP (from 195 mV to 129 mV) values in the two amended reactors was observed in the second week of the tests. Th is was interpreted as an indication that oxygen was consumed through the chemical decomposition and biological utilization of organic compounds by aerobic microbes and the systems were shift ed to anaerobic condition. Under these low DO and ORP conditions, sulfi de oxidation would be inhibited and key anaerobic bacteria, such as SRB and IRB, was predominant. Th e existence and activity of these anaerobes were also supported by the evolution in leachate's DOC concentrations (Fig. 1) , which decreasing values were partially attributed to microbial consumption, and confi rmed by microbial counting. Th e DOC originated in the food waste-based compost (2.2 g L −1
), such as shown in Fig. 1 .
Nevertheless, DO and ORP values in the third week recovered to similar to the fi rst week values. Originally, remaining DO in fed water and insuffi cient retention time (300 mL/4 h/wk) could be aff ected on leachate's DO and ORP values. Although DO in newly fed water or medium was likely to put some stress on the anaerobic bacteria, overall the system seemed to recover well aft er every leaching cycle. Th is was indicated by the circumneutral and almost constant pH, slightly but continuously decreasing ORP, and lower metal concentrations in leachate relative to control reactor (data not shown).
Th e decrease in sulfate concentrations also suggested the presence of biological sulfate reduction process (i.e., SRB activity) (Fig. 1) . Th is phenomenon was less obvious during the fi rst week but became more apparent aft erward, in both amended reactors. Likewise, the control reactor showed continuous decrease in sulfate concentration (Fig. 1) . However, the trends in the evolution of sulfate concentrations in control and amended reactors were diff erent. In control reactor, sulfate concentration decreased sharply from 5.6 g L −1 to around 1.2 g L −1 by week 3 and only slightly during the fourth cycle, to reach a fi nal value of 1 g L −1 . Th e enhanced leaching of sulfate under acidic condition (pH 3.5) could account for this behavior. Additional analysis for acid soluble sulfate (as per Sobek et al., 1978) proved that the tailings had indeed the potential to release sulfate (maximum value 105.2 g kg −1 dry weight). On the contrary, in two amended reactors, original sulfate concentrations were lower, probably because of the possible precipitation in the form of gypsum (CaSO 4 ·2H 2 O) in the presence of lime from food waste-based compost composition (Fig. 1) . A drop in sulfate concentrations from 4.2 to 4.6 g L −1 to 0.35 to 0.40 g L −1 followed the slow decrease during the fi rst week.
Th e order of metal removal effi ciency was as follows: Cd (100%) > Cu (99-100%) > Ni (88-100%) > Zn (96-97%) > Al (93-95%) > Mn (91-93%) > As (67-85%) > Fe (80-82%) > Pb (22-73%) (Fig. 2) . Th ese results are in agreement with similar studies (Lindsay et al., 2008; Alexandrino et al., 2011) . It is speculated that our systems involved several diff erent reactions for the metal removal. Organic materials in the compost might adsorb metals on their surface (Shuman, 1999) . Th e precipitation of metal (oxy)hydroxides in the neutralization process, metal carbonates due to lime, and metal sulfi des in biological sulfate reduction process might also occur (Lindsay et al., 2008) . To verify these processes, microbiological and mineralogical tests were performed with residues containing black precipitates at the end of leaching tests.
Microbiological and Mineralogical Analyses
Th e results on the DHs activity indicated the existence of microbial activities in raw materials and residues collected from all the reactors. Overall, the compost showed higher enzymatic activity than tailings (22 mg g −1 compared with 0.12 mg g −1 ) ( Table 1) . Compost-amended reactors revealed 100 times higher active bacteria, indicating that these reactors formed an appropriate environment for heterotrophic anaerobes, in terms of the quality and quantity of substrates, pH, and reducing conditions. Th e presence of heterotrophic bacteria such as THB, SRB, and IRB was confi rmed in all the samples (Table 1) . Consistent with the DHs results, heterotrophic counts in the tailings were lower than those in the compost. It is possible that the low pH and DOC, as well as the high ORP values-that is, oxidizing condition-of the unamended tailings limited the growth of the heterotrophic anaerobes. Th ese fi ndings are consistent with reported results (Praharaj and Fortin, 2004) . Th e high counts of THB (1.2 × 10 8 -1.3 × 10 9 cells 100 mL −1
) suggested the active role of SRB and IRB. During the leaching tests, the counts of SRB increased in all amended reactors probably caused by the formation of appropriate growth conditions (e.g., pH 5~8, low ORP values, and available DOC) (Postgate, 1984) . Th e medium-fed reactor also showed higher bacterial counts (THB: 11 times, IRB: 3 times) than RW, because ample nutrients and additional organic carbon source were provided through freshly fed medium.
Th e SRB activity could lead to the reduction of sulfate to hydrogen sulfi de in treated leachate and the subsequent precipitation of metal biosulfi des (Neculita et al., 2007) . As a result, the acidity originating from Fe 3+ hydroxides formation would be decreased. In addition, IRB activity would promote the Fe 3+ (oxy)hydroxides reduction to soluble Fe
2+
, which is precipitated with carbonates and biosulfi des at around neutral pH. Th us, the coexistence of SRB and IRB could lead to sulfate reduction and iron sulfi de precipitation. Th e dark-colored precipitate remaining in solid residues from all amended reactors at the end of testing was a clear indication of metal (including iron) sulfi de production, obviously mediated by the SRB activity.
Denaturing gradient gel electrophoresis analysis exhibited 10 bands from residue samples: four bands in control, six bands in RW, and seven bands in RM (Fig.  3) . Th e summaries of DGGE bands' sequencing result are shown in Table 2 . Band 1, which was detected only in the control unamended tailing sample showed 99% similarity to Alicyclobacillus in the GenBank database (accession number FM179383.1). Th ese bacterial groups are common in mine drainage or tailings and characterized as chemoorganotrophic bacteria that are able to oxidize iron, sulfur, and sulfi de minerals (e.g., pyrite) for energy sources (Schippers et al., 2010) . Band 8 was found to be Desulfotomaculum putei (similarity of 100%), which is a kind of SRB. Th is probable SRB was likely to participate in the reduction of sulfate and production of black precipitate along with other SRB species that were not identifi ed with the DGGE technique. We also identifi ed a cellulosic degrader, Ruminococcus sp. (band 5, similarity 99%), a clear and expected indication that cellulose in the compost indeed served as a long-term substrate for heterotrophic bacteria including SRB. Pseudomonas sp. (P. putida) was found in all residue samples (similarity 99%), just as in other related studies (Chang et al., 2008) . Although P. putida is a well-known sulfur-oxidizing bacteria (Friedrich et al., 2001; Schippers et al., 2010) , it is less likely that this microbe was actively oxidizing sulfur under such anaerobic conditions. Th is pseudomonas is also known to use As and Cr species as electron acceptors and it can play a role in mitigating toxicity and/or removal of these heavy metals in highly contaminated sites such as tailings (Cervantes, 1991; Chang et al., 2008) .
Mineralogical analysis results showed various metal precipitates in all samples of 4 to 10 μm (Fig. 4) . Mapping of elements of tailing samples revealed high proportion of metals such as Fe and Pb (other data not shown), as well as nonmetal (S), indicating that tailings possessed common sulfi de minerals such as pyrite (FeS 2 ), marcasite (FeS), and galena (PbS) (Cheong et al., 2008) . Th e inherent errors related to the analysis of non-homogeneous solid residue samples, the high detection limit of the SEM (about 0.1 w %), as well as the topography eff ects limit detailed interpretation of these results. However, the effi ciency results based on leachate composition confi rmed the satisfactory removal in amended reactors of metals. In addition, although the SEM-EDS analysis did not provide direct information on precipitates, EDS results showed the color diff erences that are dependent on metal concentrations (particularly Fe and Pb) (Costa and Duarte, 2005) . Also, the amended reactor's darkcolor residue aft er tests proves that most of residues are metal sulfi de precipitates and mostly iron sulfi de and lead sulfi de that were produced from biological sulfate-mediate process by SRB.
Finally, reported results on successful use of peat, spent-brewing grain, and municipal biosolids as amendments in tailings could provide additional insights on the transferring and feasibility of results in this study for fi eld application (Lindsay et al., 2011a) . However, additional research is still required before for scaling and determining the design parameters of a fi eld system.
Conclusions
Th e application of mixtures of organic (food waste-based compost) and inorganic (zeolite) amendment to weathered tailings showed promising results for neutralization of acidity, development of reducing condition, and high metal removal effi ciency. Mineralogical and microbiological analysis confi rmed that metal and sulfate removal processes in system were contributed by biological sulfate reduction from SRB activities, and produced sulfi de forms that had chemical reaction with dissolved metals. Th ese SRB activities caused the accumulation of black-colored precipitates, which were mostly amorphous iron sulfi des in reactors during leaching testing. Molecular analyses revealed that SRBs and cellulose-degraders were present and actually predominant, mediating the AMD treatment using food waste-based compost. Th ese fi ndings raise the possibility that cellulose-based organics including food wastes can serve as a longterm substrate. Th e present study provides promising results that food waste-based compost and zeolite amendments can indeed be one feasible way to treat and/or prevent AMD and, at the same time, to solve the problem of food wastes in Korea. Fig. 4 . Elemental mapping using scanning electron microscopy equipped with energy dispersion X-ray spectrometer for S, Fe, and Pb in residues from all three reactors. RW, water-fed reactor; RM, medium-fed reactor.
